Introduction
Maternal employment persistently causes inadvertent separation of the mother from her child during working periods. Prolonged and continued separation stress can show long-lasting consequences for the development of the brain during brain growth spurt periods [1, 3, 28] . Chronic repeated perinatal maternal separation stress (PMSS) has proved to cause alteration in behaviour, neurochemical and structural modifications in the brain [24, 33, 40] . Maternal separation in humans during their childhood has caused a larger cortisol awakening response and flatten slopes in diurnal cortisol levels [27] . Studies show that PMSS induces oxidative stress and increases lipid peroxidation in various regions of the brain in adolescent male rats [10, 55] and also increases DNA breaks in the hippocampus [11] .
Oxidative stress in the brain tissue is due to overproduction of reactive oxygen species (ROS) and free radicals, which overwhelms the endogenous antioxidant capacity of the brain [14, 36] . Free radicals, such as O 2 -(superoxide radical), OH (hydroxyl radical), and ROS (reactive oxygen species) such as H 2 O 2 (hydrogen peroxide), NO (nitric oxide) cause damage to cell components including proteins, lipids with breaks in DNA and affect cellular signalling [14, 16] .
The brain is more prone to oxidative damage than any other part of the body as it uses more oxygen, contains high fatty acids levels which are more susceptible to peroxidation, is rich in iron levels and excitatory amino acids and neurotransmitters, metabolism of which produces ROS [14] . ROS and free radicals affect glial cells and neurons leading to neural cell damage. Oxidative damage causes premature aging, atherosclerosis, neurodegenerative diseases [16] . Studies show that lipid peroxidation is increased in normal aging and associated with a decrease in endogenous antioxidant levels [18] . Malondialdehyde (MDA) is a product of lipid peroxidation and an indicator of oxidative stress [37] .
Oxidative stress in turn causes protein oxidation and decreases endogenous antioxidant levels [5] . Protein thiols (-SH) make a maximum portion of total endogenous antioxidants in the body and play a major role in defence against ROS [36] . Studies show that brain protein thiol levels decrease in oxidative stress induced by chronic administration of aspartame. Protein thiol levels in the brain were also found to decrease in aged rats when compared to young rats. Additionally, aged male rat brains were found to have higher protein thiol levels than the same in females. A decrease in protein thiol levels and increase in lipid peroxidation in the old age is associated with a decline in memory [46] .
Supplemental antioxidants along with endogenous antioxidants help decrease the effect of oxidative stress on cells by scavenging the ROS [5, 46] . Intake of fruits and vegetables having high antioxidant levels is important in preventing oxidative stress and improves the antioxidant defence system of the body [41] . Choline is an essential brain nutrient that is present in several foods and is required for membrane structural integrity [61] . Administration of choline to women caused decrease in oxidative stress levels [47] . Dietary deficiency of choline increases lipid peroxidation in hepatocellular cells [48] and apoptosis in the foetal brain [9, 60] . Similarly, docosahexaenoic acid (DHA) is another essential dietary nutrient. Studies show that DHA supplementation to male albino rats attenuates aluminium-mediated oxidative damage in the cerebellum by decreasing lipid peroxidation [7] . Studies also show that DHA-connecting phospholipid supplementation in diabetic mice is observed to decrease brain lipid peroxidation and increase α-tocopherol levels [19] . Neuroprotectin D1 (NPD1) is a bioactive metabolic product of DHA, which protects the brain cell damage due to oxidative stress by up-regulating anti-apoptotic Bcl-2 proteins, decreasing pro-apoptotic Bax and Bad expression and inhibiting oxidative stress-induced caspase-3 activation [6] . Similarly, in Ayurvedic preparations, several herbs are used in Medhya rasayana (brain tonic) that are observed to contain antioxidants [56] . One such herb used in Medhya rasayana is Clitoria ternatea (Linn), whose aqueous root extract contains antioxidants and flavonoids [32, 38] and its extracts are used in food products like 'Shankhapushpi' used as a memory enhancer. Earlier studies show that Clitoria ternatea aqueous root extract (CTR) increases acetylcholine levels in the rat hippocampus [43] and also increases dendritic arborization of CA3 pyramidal neurons in the rat hippocampus and improves the learning and memory in young adult rats [23, 42, 44, 45] . It is also known to have anxiolytic, anti-stress, anticonvulsant, and antioxidant properties [22, 35, 53] .
However, there are no studies showing the long-lasting persistent influence on the early life perinatal maternal separation stress and the influence of dietary supplementation containing exogenous antioxidants during the stress period in boosting the antioxidant levels in the aging brain. There are ethical limitations associated with conducting experiments in humans, so laboratory animal models were developed to experimentally investigate early environmental influence on behaviour and neurobiology [15] . We hypothesize that supplementation of either choline with DHA or CTR during the perinatal maternal separation stress period to rat pups will persistently boost the brain antioxidant system through aging.
The present study was designed to assess: 1. MDA and protein thiol (-SH) levels (brain oxidative stress) in perinatal maternal separation stressed (PMSS) rats through various stages of aging; 2. The long-term effects of choline with DHA or CTR supplements given to rat pups during the perinatal maternal stress period on MDA and protein thiol (-SH) levels through aging.
Material and methods Animals
The study was conducted in accordance with CPCSEA guidelines and the guidelines laid down by the Institutional Animal Ethical Committee (IAEC/ KMC/99/2012). Inbred, pregnant female Wistar rats were procured from the central animal house. All the rats were housed in sanitized polypropylene cages containing sterile paddy husks as bedding. Animals were maintained under standard lab conditions of temperature (23 ±2°C), 12-h light-dark cycle in the Central Animal Research Facility and allowed to litter naturally. Rat pups aged post-natal day (PND) 2-30 were used for the study.
Study design
The study included five different groups of rat pups, i.e. group I, group II, group III, group IV and group V, which were maintained till day 30, 60, 90, 210 and 360, respectively. Each group consisted of four subgroups (n = 6) as follows: 1. Normal control (NC), 2. Stressed (PMSS) + sterile water, 3. Stressed (PMSS) + choline + DHA, 4. Stressed (PMSS) + CTR.
Altogether 120 male rats were used for the whole study.
Maternal separation stress procedure
The date of litter birth of the rat pups were recorded as post-natal day 0 (PND 0) when they were procured. Pups from the normal control (NC) group were left undisturbed with their mothers, except during routine cage changes. Rat pups from the PMSS groups were separated from their mothers as per the procedure explained by George et al. [15] . These pups were separated from their mothers according to the following protocol, i.e. 4 hrs separation/day for pups aged PND 2-5, and 6 hrs separation/day for pups aged PND 6-21 as per standard guidelines. During the separation procedure, the pups from each of the PMSS groups were placed in a clean cage and housed in a separate room (room temperature maintained at 31-33°C to prevent hypothermia). This prevents mother-infant ultrasonic communication and also reach of odour of the mother since this may attenuate maternal separation effects on the pups. Handling was kept to a minimum at all times, to prevent buffering of the maternal separation effect. On PND 30, all pups were weaned and housed in groups of two or three pups/cage, to prevent isolation stress.
Supplements and dosage
Supplements were provided to appropriate PMSS rat pup groups only during the perinatal period till the day of weaning. Rat pups assigned to the PMSS groups received equal volume of sterile water from PND 2 to 21 and pups from PMSS + choline with DHA and PMSS + CTR groups were supplemented orally with choline and DHA or Clitoria ternatea aqueous root extract (CTR), respectively. The dosage was calculated according to the weight of the rat pups. Supplements were mixed with sterile water and administered orally with the help of a feeding tube.
Choline chloride: 42 mg/kg body weight (body wt.)/day (sigma) [43] , DHA: 150 mg/kg body weight/day [sigma] [54] , Clitoria ternatea aqueous root extract (CTR): 100 mg/kg b.w./day. Locally grown 2-3-year-old plants of Clitoria ternatea (white flowering variety) were identified and confirmed as Clitoria ternatea in the Department of Pharmacognosy, Manipal College of Pharmaceutical Sciences and by a botanist from the Mahatma Gandhi Memorial College (Government of India-aided college) where the voucher specimen of the plant was deposited in the college herbarium (MGM College Herbarium No. 9). Roots were collected for the preparation of the extract. Aqueous root extraction was done as per the method suggested by Rai et al. [43] .
Euthanization of rats at different stages of aging
All the appropriate groups of rat pups (30-dayold rat pups, 60-day-old young adult rats, 90-day-old adult rats, 210-day-old middle-aged rats, 360-dayold aged rats) were subjected to PMSS and supplementation till postnatal day 30 and all the groups of rat pups were weaned on day 30. They were subsequently maintained undisturbed in separate cages with four to five rats/cage. These rats were later sacrificed at different stages of aging as mentioned above i.e. on day 30, 60, 90, 210 and 360 by intraperitoneal administration of a high-dose Ketamine injection. Brains were removed and processed for the estimation of MDA and protein thiols.
Preparation of brain tissue homogenate
Brain tissue homogenates obtained from rats of different groups at different ages tested were processed in phosphate buffer saline (pH 7.4) using tissue homogenizer. Tissue homogenate was cold centrifuged at 10,000 rpm for 15 mins, and supernatant was separated and stored in -20°C till further processing for estimation of MDA and thiol levels.
Estimation of brain MDA levels
Lipid peroxidation was measured in terms of the MDA: thiobarbituric acid (TBA) reaction. Briefly, the reaction mixture contained 0.1 ml tissue homogenate, 0.2 ml sodium dodecyl sulfate, 1.5 ml acetic acid, and 1.5 ml aqueous solution of TBA, heated at 95°C for 1 h. The red pigment produced was extracted with n-butanol-pyridine mixture and estimated by the absorbance at 532 nm and the result was expressed in nanomoles/ml [53] .
Brain protein thiol assay
Brain tissue thiol levels were estimated by the spectrophotometric method using dinitrobenzene (DTNB) -Ellman's method. DTNB reacted with -SH groups in proteins and reduced to stable intermediate compounds of mixed disulfide, protein s-s compound. The induced product of DTNB was 5-mercapto-2 nitrobenzoate (MNB). The yellow colour developed was measured by the spectrophotometric method at the end of 5 minutes at 412 nm. The absorbance was directly related to the amount of the thiol group present on proteins and the reading was compared with glutathione standard [12] and the result was expressed in µmoles/l.
Statistical analysis
Statistical analysis was done using statistical Graph Pad Software. Data obtained from the tests were expressed as mean ± S.E.M. and analysed using one way ANOVA followed by Bonferroni's post hoc test with a significance level at p < 0.05. Values of brain MDA levels were expressed in nanomoles per millilitre and for brain protein thiol levels in micromoles per litre.
Results
In the present study, brain MDA and protein thiol levels were estimated at different time points (ages) although interventions (PMS stress and supplementation provided to appropriate PMSS rat pup groups) were carried out only during the perinatal period till the day of weaning (30 days). In total, 24/120 animals were used in each age group (6 rats per group) to prepare brain tissue homogenate and used for the analysis of both MDA and protein thiol levels. Body weight of all the animals was measured regularly and it was observed that all the animals were of normal body weight and with normal health status. No death of animals was reported during the experimental period.
Brain MDA levels
Results of measured brain MDA levels were observed to be significantly increased in PMSS groups of rats at day 30 (2.62 ±0.64) (p < 0. 
Brain protein thiol levels
In the present study, at day 30, the measured brain protein thiol levels were observed to be significantly decreased (p < 0.001) in PMSS (21. (Fig. 2) . No significant difference in brain thiol levels was observed between PMSS + choline with DHA and PMSS + CTR supplemented rats at any of the age groups.
Discussion
The purpose of this study was to elucidate the role of early life PMSS in rats and the possible long-lasting influence of the two supplements i.e. choline with DHA and Clitoria ternatea aqueous root extract (CTR), during the perinatal maternal separation stress period on brain lipid peroxidation levels and brain protein thiol levels at various time points during aging.
Increase in brain MDA (malondialdehyde) indicates excessive brain oxidative stress [41] . Results of the present study show that the brain MDA levels in the PMSS group of rats was consistently elevated at different time points of aging tested. Increase in brain MDA levels in PMSS rats could be due to increased corticosterone levels induced by early life chronic stress similar to findings in earlier studies by Lehmann et al. [29] . Studies show that increase in glucocorticoids increases generation of reactive oxygen species (ROS) in the hippocampus and cortex [49] . Overproduction of ROS and free radicals overrides the endogenous antioxidant capacity of the brain and causes oxidative damage to the brain tissues and causes lipid peroxidation [4, 31] . Moreover, studies show that lipid peroxidation increases with aging [2] . According to the 'free radical theory of aging', ROS and free radicals produced during aerobic respiration, damages cell components and connective tissues, causing cumulative damage over time, resulting in early changes of aging and death [17] .
In the present study it was observed that supplementation of choline with DHA during PMSS caused persistent attenuation of brain MDA levels at different time points of aging. Dietary choline at different doses was previously observed to significantly decrease malondialdehyde, protein carbonyl contents in the spleen and kidney of juvenile Jian carp fishes [57] . Choline supplements were also observed to lower exercise-induced lipid peroxidation and increase serum Vitamin A and E levels in women [47] . In turn, studies show that dietary deficiency of choline increases hydrogen peroxide production in liver mitochondria by causing lipid peroxidation of hepatocytes [48] . DHA is another supplement used in this study whose high levels in brain tissue have been shown to decrease brain lipid peroxidation [59] and when supplemented as combined eicosapentaenoic acid-docosahexaenoic it decreases lipid peroxidation and increases antioxidant enzyme activity in brain of hypercholesterolemic rats [52] . Additionally other studies have observed that administration of the ethanolic extract of the whole Clitoria ternatea plant also reduces lipid peroxidation in acetaminophen-induced nephrotic damage [50] . Thus, the ability of supplements of choline and DHA or Clitoria ternatea aqueous root extract to lower lipid peroxidation is possibly due to their efficacy of modulating the brain tissue redox status in PMSS rats.
Alternatively, a decrease in the endogenous antioxidant status of the body may possibly enhance the susceptibility to deleterious effects of oxidative stress. Various stresses are known to cause protein oxidation that is marked by alterations in tissue protein thiol levels [36] . Protein thiols are the major endogenous antioxidant stores in the body that help reduce the activity of reactive oxygen species and minimize the redox status of the body [36] . In the present study it was observed that PMSS rats had decreased brain protein thiol levels that persisted through aging. Decreased thiol levels in PMSS rats could possibly be due to an increase in generation of ROS and free radicals that increasingly metabolize proteins and cause oxidation of thiol groups as observed in a study by Leichert et al. [30] . Alterations in protein thiols affect the cell function, cell signalling and apoptosis. Additionally, in aging there is a decrease in antioxidant levels and decrease in ROS scavenging activity [18, 51] . Moreover, other studies also show that decrease in protein thiols is associated with increase in lipid peroxidation in parietal lobes of rats of the mimetic aging model [25, 55] .
Many studies show that endogenous antioxidants help decrease the oxidative damage directly via reacting with free radicals or indirectly by inhibiting the activity or expression of free radical generating enzymes or enhancing the activity or expression of intracellular antioxidant enzymes [25, 26] . Studies show that exogenous dietary supplements such as vitamin C, E, or herbs, which are rich in flavonoids and phenols, play a major role in improving the endogenous antioxidant pool in the body and thus decrease oxidative stress [34, 55, 56] . Results of the present study also show that supplementation of choline with DHA or CTR during PMSS in rat pups have a long-lasting influence on increasing thiol levels through aging. Choline supplementation to children with cystic fibrosis has shown to increase in SAM : SAH, methionine, and glutathione : GSSG levels in plasma [21] . Also Grass carp fishes fed with graded levels of dietary choline have shown to attenuate muscle oxidative damage, increase muscle antioxidant enzyme activity and up-regulation of NF-E2-related factor 2 transcripts (protein that regulates the expression of antioxidant proteins that protect against oxidative damage triggered by injury and inflammations) in their muscle tissue [57, 62] . Studies show that intravenous and dietary supplemented DHA reduces protein oxidation [20] . Many in vitro studies have shown that dietary phenols and flavonoids derived from plants have antioxidant potentials [8, 32, 56] . CTR is a herbal supplement that contains phytochemicals such as amino acids, proteins, carbohydrates as well as alkaloids, saponins, flavonoids, coumarins, lignans, and phenols [32, 43] . Studies show that the root of a white flowering variety of Clitoria ternatea has more antioxidant properties than the blue flowering variety [38] . In the present study, attenuating of the oxidative stress effect of CTR supplementation is possibly due to the presence of flavonoids, phenols and its antioxidant properties.
Limitations of the study: In this study, we had used male rat pups only. Therefore, we were not able to explore the effect of perinatal maternal separation stress in female rats through aging. This was due to feasibility issues. We plan to perform this experiment in the future as a continuation of the present study.
Conclusions
PMSS in rats causes an increase in brain oxidative stress by increasing lipid peroxidation (MDA levels) and reducing endogenous antioxidants (protein thiol levels) which are persistent through aging. Supplementation of choline with DHA or CTR during perinatal maternal separation stress in rat pups helps attenuate brain lipid peroxidation and enhance brain protein thiol levels persistently through aging. Further studies are needed to observe the influence of PMSS on changes in DNA methylation or histone acetylation and any such epigenetic alterations when supplemented with choline with DHA or CTR that attenuates PMSS-induced age-related changes on brain lipid peroxidation and endogenous antioxidant status.
